containing mutations to pobA, guaB, and hcaABCK, and the three double mutants were grown in 145 minimal medium with 1 g/L of the indicated substrate as the sole source of carbon and energy.
146
(B) As in A, except using the cou pathway and mutations to pobA, nadR, and couHLTMNO.
147
Error bars show one standard deviation, calculated from three biological replicates. For complex 148 mutations, allele superscripts indicate the evolved strain from which that allele was taken.
150
The pobA mutation has previously been shown to increase expression of PobA by 151 destabilizing secondary structures in the mRNA (Standaert et al., 2018) . To understand the effect of the intergenic mutations upstream of hcaC, we measured protein expression levels in the 153 engineered strains. As expected, the mutation to pobA increased expression of PobA by 154 approximately 9-fold, while the hcaC mutation increased expression of both HcaB and HcaC by 155 roughly 2-fold ( Figure S3A ). The intergenic mutation before hcaC is predicted to increase the 156 translation rates by approximately 10-fold (Espah Borujeni et al., 2014) .
157
Parallelism of mutations within replicates of a pathway, but divergence between pathways, 158 strongly suggests that the mutations are specific to a particular pathway. To test this hypothesis, 159 we replaced the hca pathway in JME131 with either the wild-type or evolved cou pathways.
160
Neither strain was able to growth with coumarate as the sole source of carbon and energy.
162
Inhibitory cross-talk between engineered and native pathways 163 A mutation to guaB was necessary for growth with coumarate using the hca pathway. independent mutations to IMPDH were identified: A48V, D243G, G330D, L364Q, and P482L.
167
We generated a model of the E. coli IMPDH, using multiple IMPDH crystal structures as To understand the consequences of these mutations, we measured metabolite levels in the 185 parent and engineered strains during growth with coumarate. Compared to the D243G guaB mutant, the strain with wild-type guaB showed higher levels of AMP ( Figure S4 ).
187
Concentrations of GMP and IMP were below the limit of detection of our assay. These results
188
suggested that growth with coumarate perturbed the purine nucleotide pools.
189
We hypothesized that growth with coumarate led to inhibition of IMPDH and depletion of 190 guanine nucleotides, and that this inhibition was relieved in the guaB mutants. To determine 191 whether guanine nucleotide depletion inhibited growth with coumarate, we supplemented the 192 growth medium with guanosine. Addition of guanosine increased growth with coumarate in a 193 strain with the wildtype IMPDH, but not the mutant ( Figure 3C ).
194
Mutations to IMPDH improved growth with the hca pathway but not with the cou pathway. (Table S5) Table S5 .
207
In the IMPDH model, the carboxylate side chain of D243 forms hydrogen bonds with the 208 backbone of V220 and the side chain of K87, which would be disrupted in the D243G mutant 209 ( Figure S6 ). K87 is located at the C-terminal end of a long  helix, and V220 is at the beginning 210 of a  strand. It is not obvious how these local changes might be propagated to the active site to 211 relieve inhibition without affecting catalysis. (Table S7) and the mechanisms by which organisms evolve to avoid them, will aid in our ability to predict 242 and manipulate horizontal gene transfer (Clark et al., 2015; Michener et al., 2014) .
243
In combination, our results suggest that introduction of the hca pathway did not allow growth of nonspecific toxicity may prove to be similarly specific when characterized fully.
281
We have described the use of experimental evolution to identify and alleviate deleterious 
Materials and Methods

294
Strains and chemicals Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Fairlawn, NJ) and were molecular grade. All oligonucleotides were ordered 297 from IDT (Coralville, IA). E. coli strains were routinely cultivated at 37 °C in LB containing the 
Strain construction
318
Genome modifications were performed as described previously, using the lambda-red detection. Significant differences in protein abundance were assessed by pairwise T-test.
Metabolite measurements
Strains were grown to saturation in 5 mL cultures of M9 + 2 g/L glucose + 1 mM IPTG.
388
They were then diluted into 250 mL of M9 + 0.5 g/L glucose + 1 g/L coumarate + 1 mM IPTG 389 and grown for a further 8 hours. The cells were separated by centrifugation, washed twice with 390 water, and frozen in LN2 for later analysis.
391
Frozen cell pellets were weighed into centrifuge tubes containing 5 mL of 80% ethanol, and 392 75 μL sorbitol (1 mg/mL) added as an internal standard. Samples were sonicated for 3 min (30 s 393 on, 30 s off with an amplitude of 30%) while being kept cold in a cooling rack that had been 394 chilled with liquid nitrogen. Samples were then centrifuged at 4500 rpm for 20 min, the 395 supernatant decanted and a 1 mL aliquot was dried under a nitrogen stream, dissolved in 0.5 mL AbIMPDH were purified as previously described (Makowska-Grzyska et al., 2015) . pJM303, was threaded onto each template structure.
458
We then used RosettaCM (Song et al., 2013) to generate comparative models of IMPDH.
459
Fragment files were obtained with the Robetta web server (Gront et al., 2011; Kim et al., 2004) .
460
We used an iterative approach in which we first generated 1,000 models with all five templates.
461
We then selected the top model along with the 4X3Z and 1ZFJ templates and generated an 462 additional 1,000 models. Three iterations were carried out to obtain the final model used for Rodriguez, A., Salvachua, D., Katahira, R., Black, B.A., Cleveland, N.S., Reed, M.L., Smith, H., Table S1 : Strains used in this study coli, and multiple template sequences used for structural modeling of the E. coli IMPDH.
697
Selected residues (gray) were trimmed at the N-and C-termini and were not included in the 698 models. 
